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Background: The chemomechanical properties of myosin-XXI, seemingly the only myosin expressed in Leishmania para-
sites, are unknown.
Results: Recombinantly expressed full-length myosin-XXI is an active ATPase and, in the presence of calmodulin, moves actin
filaments.
Conclusion:Myosin-XXI is a mechanically functional molecular motor.
Significance: Calmodulin-dependent regulation of myosin-XXI might be involved in the various functions of the motor in the
parasite lifecycle.

The genome of the Leishmania parasite contains two classes
of myosin. Myosin-XXI, seemingly the only myosin isoform
expressed in the protozoan parasite, has been detected in both
the promastigote and amastigote stages of the Leishmania life
cycle. It has been suggested to perform a variety of functions,
including roles in membrane anchorage, but also long-range
directedmovements of cargo. However, nothing is known about
the biochemical ormechanical properties of thismotor.Herewe
designed and expressed various myosin-XXI constructs using a
baculovirus expression system. Both full-length (amino acids
1–1051) and minimal motor domain constructs (amino acids
1–800) featured actin-activated ATPase activity. Myosin-XXI
was soluble when expressed either with or without calmodulin.
In the presence of calcium (pCa 4.1) the full-lengthmotor could
bind a single calmodulin at its neck domain (probably amino
acids 809–823). Calmodulin binding was required for motility
but not for ATPase activity. Once bound, calmodulin remained
stably attached independent of calcium concentration (pCa
3–7). In gliding filament assays, myosin-XXI moved actin fila-
ments at �15 nm/s, insensitive to both salt (25–1000 mM KCl)
and calcium concentrations (pCa 3–7). Calmodulin binding to
the neck domain might be involved in regulating the motility of
the myosin-XXI motor for its various cellular functions in the
different stages of the Leishmania parasite life cycle.

Leishmaniasis affects over 12million people worldwide, with
about 2million newly infected patients each year. The disease is
caused by the flagellated protozoan parasite Leishmania and
canmanifest itself as visceral leishmaniasis, which is potentially
fatal, or cutaneous leishmaniasis, which can leave disfiguring
mucocutaneous scars (1). The Leishmania parasite has a two-

stage life cycle, including a non-motile amastigote stage in
mammalian macrophages and a motile promastigote stage in
the sand fly alimentary tract (2). The genome of Leishmania
donovani contains only two myosin genes, one myosin class IB
and one previously assigned to class XXI (3). According to a
later classification, Leishmania myosin XXI has been reas-
signed to class XIII, a kinetoplastide-specific class of myosins
(4). Although no expression ofmyosin-IB has been found in the
organism to date, myosin-XXI has been detected in both the
promastigote and the amastigote stages of the Leishmania life
cycle (5). The motor is preferentially localized to the proximal
region of the flagellum but is also found in other flagellar and
cell body compartments (6). Myosin-XXI expression depends
on both the parasite life cycle (5) and on the growth phase of the
parasite. For cultured promastigotes, expression levels were
reported to increase almost 4.5-fold from early log phase of
growth to stationary phase (6). Katta et al. (6) showed thatmyo-
sin-XXI is essential for survival of Leishmania promastigotes in
culture and that a reduction in expression levels of myosin-XXI
results in the loss of endocytosis within the flagellar pocket and
impairment of other intracellular trafficking processes. In addi-
tion, myosin-XXI heterozygous cells failed to form the parafla-
gellar rod. The paraflagellar rod is a structure that runs along
the length of the flagellum and contains a variety of proteins,
including actin, but its functional role remains unclear (7). The
detection of only a single myosin isoform in the parasite sug-
gests that thismyosinmust carry out a variety of functions. Two
distinct myosin-XXI populations have been identified. For the
membrane-bound population, the tail domain localizes the
motormolecules at the base of the flagellum,whereas the deter-
gent-soluble subfraction could be involved in the transport of
proteins within the flagellum (5).
The myosin superfamily is composed of 36 classes (3, 4).

Myosins consist of a highly conserved motor domain followed
by a neck domain of variable length, often including IQ motifs
for the binding of light chains of the calmodulin family, and
finally a tail domain, which can contain a large variety of motifs
(8). Although the motor domain is responsible for the binding
to actin and hydrolysis of ATP, it is the tail domain that deter-
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mines function within the cell by controlling molecular
dimerization and motor processivity, motor anchoring to the
membrane, and/or selection and transport of specific cargo.
Although myosin-XXI does not contain perfect IQ motifs in

the neck domain, there are several less well characterized,
degenerative IQ domains present. Subsequent to the converter
domain, the proximal tail contains a natural “leucine zipper”
motif that is followed by a predicted short coiled-coil domain
(MARCOIL) (9) and, finally, near the C terminus, two tandem
ubiquitin-associated domains (UBA)2 (Fig. 1A). UBAs are
found in a variety of proteins, including members of the ubiq-
uitination pathway, UV excision repair proteins, and certain
protein kinases. However, their function is not entirely clear
(10). They have been shown to bind ubiquitin and dimerize in a
mutually exclusive way (11). They have also been shown to act
as a stabilization signal that protects proteins fromproteasomal
degradation (12). Within the myosin family, UBAs are unique
to myosin-XXI, and their role is unknown.
Controlling expression levels is one mechanism for regulat-

ing where and when a myosin is used. However, in a simplified
system with only two myosins present in the genome, there
clearly must be other mechanisms that allow myosin-XXI to
perform its different roles within the cell. The presence of two
myosin heavy chain kinases (NCBI accession numbers
CBZ38915.1 and CBZ34699.1) and calmodulin in the L. don-
ovani genome suggests other possible regulatory mechanisms.
In this study, we expressed Leishmania full-length myosin-

XXI and a truncated minimal motor domain in an Sf21/bacu-
loviral system for biochemical and biophysical analysis. We
show that myosin-XXI is an actin-activated ATPase that binds
a single calmodulin that is required for motility but not for
ATPase activity. EM imaging shows a monomeric molecule
that seems to bind cooperatively to actin filament ends.

EXPERIMENTAL PROCEDURES

Plasmids andGeneration of Recombinant Baculovirus—Full-
length myosin-XXI (3153 bp) cDNA (accession number
FJ028724) was chemically synthesized and cloned into pUC57
(Genscript USA, Inc.). For purification, this construct was sub-
cloned into the 6� His-tagged transfer vector pFastBacHbTM

(Invitrogen) using standard PCRmethods and oligonucleotides
XXIFP6 (AGGATCCATGCCGGAGCGTGT-GTCTGTG)
and XXIRP4 (AAAAGCGGC-CGCCTAGCTCACCTTGAA-
CAGCATCTTAACGG) via BamHI/NotI sites. An aa 1–800
truncation of myosin-XXI was created using PCR and oligo-
nucleotides XXIFP6 and XXITR6 (AAAAGCGGCCGC-
CTATTTCTCCGCCGGCACACC). The N terminus of full-
length and truncated myosin-XXI was modified by addition of
eGFP ligated into the BamHI site of pFastBactHbTM. Recombi-
nant baculovirus DNA was generated by the Bac-to-Bac�
method according to the instructions of the manufacturer and
transferred into Spodoptera frugiperda (SF21) cells. Viruses
were amplified to a P3 stock, and virus titer was determined
before infection of cells for protein expression. Xenopus cal-

modulin was amplified from a P4 stock (gift of J. R. Sellers,
NHLBI, National Institutes of Health), and the titer was
determined.
Myosin-XXI Protein Expression and Purification—500 ml of

SF21 cells (1 � 106 cells/ml) were cultured in Grace’s medium
supplemented with 10% FCS (heat-inactivated). Normycin and
pluronic were coinfected with full-length or truncated myosin-
XXI plus calmodulin at a ratio of 2:1 multiplicity of infection.
Infected SF21 cells were harvested after 72 h and washed once
with PBS. The remaining steps were performed at 4 °C. Cells
were resuspended in myosin extraction buffer as described by
Margossian and Lowey (13) (300 mM KCl, 150 mM phosphate
buffer (pH 6.8), 1 mM DTT, and EDTA-free protease inhibitor
tablets (Roche)) and lysed by sonication (sonicator probe Ban-
delin HD 2070, 5 min total time, 15 s on and 15 s off, at 40%
maximal power). The lysate was clarified by centrifugation at
50,000� g for 20min. The supernatantwas immediately loaded
onto a HisTrap FF column (GE Healthcare) on an ÄKTA puri-
fier (liquid chromatography, GE Healthcare), washed with a
low-His buffer (50 mM Tris (pH 7.5), 40 mM imidazole, 200 mM

NaCl, 1 mM DTT) and eluted using His buffer plus 400 mM

imidazole using a step program. Peaks were run on SDS-PAGE
gels, and pure fractions were pooled and concentrated to �25
�M. This sample was diluted with glycerol 1:1 (v/v) and drop-
frozen in liquid nitrogen.
Myosin-XXI Tail and Calmodulin Expression in Escherichia

coli—Two tail fragments of myosin-XXI (aa 730–1050 and aa
830–1050) fused with N-terminal mRFP were cloned into
pET28a vector using standard PCR and oligonucleotides XXI-
730FP (AGAGGCGGCCGCCGGCAAGACGAAGGTGTTC-
CTCC), XXI-830FP (AGAGGCGGCCGCCGCCGTCGAG-
GCGGACACGCGCG), and XXI-ENDRP (ACTCGAGCTA-
GCTCACCTT-GAACAGC). The restriction sites are shown in
boldface.Xenopus calmodulin was cloned into the pET28a vec-
tor between theHindIII/XhoI sites using PCR and oligonucleo-
tides CamXHindIIIFP (AAAAAGC TTTAATGGCTGACCA-
ACTGACAGAAG) and CamXXhoI-RP (ACTCGAGTCACT-
TTGCTGT CATCATTTGTAC). Plasmids were transformed
into BL21 (DE3) Star E. coli cells (Invitrogen). An overnight
starter culture was used to inoculate 2 liters of 2YT medium
supplemented with 25 �g/ml kanamycin. The cells were grown
at 37 °C until they reached mid-log phase. At this point, 1 mM

isopropyl 1-thio-�-D-galactopyranoside was added to the 2YT,
and the growth temperature was simultaneously dropped to
27 °C. Growth was continued for a further 4 h before the cells
were harvested and resuspended in a low-His buffer containing
20% sucrose. Cells were then stored at�80 °C until further use.
Cells were lysed by sonication as described above, and soluble
proteins were harvested by centrifugation at 50,000 � g for 20
min. Proteins were then loaded onto a HisTrap FF column and
purified as described above. Proteins were concentrated to
�2–4 mg.ml�1 using Amicon centrifuge concentrators and
then frozen in liquid nitrogen and stored at �80 °C.
Calmodulin Stoichiometry—Following the method de-

scribed by Coluccio (14), purified myosin proteins at known
concentrations were boiled for 150 s followed by centrifugation
of the samples at 245,000� g for 20min to separate supernatant
and pellets. The protein present in the supernatant was entirely

2 The abbreviations used are: UBA, ubiquitin-associated domain; aa, amino
acid(s); SEC, size exclusion chromatography; FL-XXI, full-length Leishmania
myosin-XXI heavy chain; SAH, single �-helical.
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assignable to calmodulin, as determined by SDS-PAGE, and
concentrationswere estimated by Bradford assay (15). The por-
tion of the total protein in the original sample attributable to
the heavy chain was determined by subtracting the amount of
calmodulin from the protein concentration of the original sam-
ple. Protein concentrations were converted tomolar quantities.
Gel Filtration—100 �l samples of purified protein were

applied to a SuperdexTM-200 (10/300 GL) analytical column
(GE Healthcare) or Superosetm-6 column (10/300 GL) equili-
brated in 150 mMNaCl, 50 mM Tris (pH 7.5), 1 mMMgCl2, and
1 mM DTT and controlled using an ÄKTA purifier (see above).
The columnwas calibrated with GFP, chymotrypsin A, ovalbu-
min, BSA, aldolase, catalase, ferritin, and thyroglobulin stan-
dards as described (16) and according to the instructions of the
manufacturer (GE Healthcare. The partition coefficient Kav for
the standard proteins was calculated as follows (17):

Kav �
Ve � V0

Vc � V0
(Eq. 1)

with Ve elution volume of the protein, Ve void volume, and Vc
total volume of the column. Because the molecular weight
determination of non-globular proteins may not correspond
well to the calibration curves established for the globular cali-
bration proteins, we related the Stokes radiusRs of the proteins,
rather than theirmolecular weight, to their partition coefficient
Kav and plotted Rs versus SQRT(-log(Kav)) (17).
Sucrose Density Gradients—The 6–20% sucrose gradient

contained 500 mM NaCl, 150 mM imidazole (pH 7.4), 10 mM

Na2PO4
2� (pH 7.2), 5 mMMgCl2, and 1 mM EGTA. Samples of

purified myosin-XXI (2 mg/ml) together with protein stan-
dards of 0.5 mg ovalbumin, 0.25 mg BSA, 0.5 mg aldolase, and
0.5 mg catalase were layered on top of the gradient in a volume
of 200 �l. The gradients were centrifuged for 18 h at 4 °C at
38,000 rpm in an SW 40 Ti Beckman rotor. Following centrif-
ugation, 263-�l fractions were dripped from the bottom and
run on a 10% SDS-PAGE gel.
Calculation of Native Molecular Weight—The native molec-

ular weight of myosin-XXI was calculated from its Stokes
radius measured by gel filtration, and its sedimentation coeffi-
cient was determined by sucrose density gradient centrifuga-
tion using the following equation as described by Post et al. (18):

MW �
s20,�N06��Rs

1 � 	�

(Eq. 2)

with sedimentation coefficient s20,�, Avogadro’s number N0 �
6.02 � 1023, viscosity coefficient � � 1 � 10�2 g/s/cm, Stokes
radius Rs, solution density 
 � 1 g/cm3, and partial specific
volume � � 0.72 cm3/g (value for an average soluble protein
(18)).
ATPase Assay—Ca2�-actin monomers were converted to

Mg2�-actin with 0.2 mM EGTA and 50 mM MgCl2 and then
polymerized by dialysis into an assay buffer containing 25 mM

KCl, 4mMMgCl2, 1mM EGTA, 1mM dithiothreitol, and 25mM

imidazole (pH7.4). A 1.1molar equivalent of phalloidin (Sigma)
was used to stabilize actin filaments. ATP (Sigma) was purified
by anion exchange chromatography to 99.7% purity, as deter-
mined byHPLC. Quantification was performed using a Cary 50

spectrophotometer (Varian) with the extinction coefficients of
OD259 of 15,400 M/cm. Steady-state ATPase-activities were
measured at 22 (� 0.1) °C in assay buffer supplementedwith the
NADH-coupled assay components (0.2 mM NADH, 2 mM

phosphoenolpyruvate, 3.3 units/ml lactate dehydrogenase, 2.3
units/ml pyruvate kinase) and various actin concentrations
(0–30 �M). The final [MgATP] was 2 mM. The myosin-XXI
concentration was 100–300 nM. The assay was started by the
addition of myosin-XXI. The change in absorption at A340 nm
was followed for 5 min. All measurements were repeated at
least three times. The kcat and Kactin values were determined by
fitting the data to equation 3,

Rate � Vo � � kcat[Actin]

Kactin � [Actin]� (Eq. 3)

where Vo is the basal ATPase activity of myosin-XXI, kcat is the
maximum actin-activated ATPase rate, and Kactin is the con-
centration of actin needed to reach half maximal ATPase activ-
ity (i.e. Km for actin).
In Vitro Motility Assay—Rabbit skeletal G-actin was pre-

pared and polymerized with Tetramethyl Rhodamine Isothio-
cyanate (TRITC)-phalloidin as described previously (19).
Motility assays were performed at 22 °C as described by Kron et
al. (20). The assay buffer (as described in the previous section)
was supplemented with a scavenger system (20 mM DTT, 0.02
mg/ml catalase, 0.1 mg/ml glucose oxidase, 3 mg/ml glucose)
and 2mMATP. Formotility assays at increasing ionic strength or
calcium concentrations, the buffer was supplemented with KCl
and CaCl2, respectively. Free calcium concentrations were cal-
culated using maxchelator. Accordingly, solutions with pCa
3.1, 6.2, 6.8, and 7.2 where obtained by adding 2, 0.9, 0.7 and
0.5 mM CaCl2 to the assay buffer. For fluorescence imaging,
TRITC-phalloidin-labeled actin filaments were excited with
a 532-nm laser (5 milliwatt). Images were recorded every 10 s
for a total period of 300 s. Only filaments moving continu-
ously for at least 20 frames were included in the data analysis
to determine the gliding velocity. Velocities were deter-
mined using the kinetic imaging motion analysis software
GmimPro.
ElectronMicroscopy—Myosin-XXIwas diluted to 100 nM in a

buffer containing 25 mM KCl, 50 mM Tris (pH 7.5), 0.1 mM

MgCl2, 0.1 mM DTT. The protein was applied to UV-treated,
continuous carbon-coated copper grids and negatively stained
with 1% uranyl acetate as described (21). Images were recorded
on a JEOL JEM-1011 transmission electron microscope
(Lehrstuhl Prof. Joachim Rädler, Physics Department, Ludwig-
Maximilians-Universität, Munich, Germany).

RESULTS

Expression and Purification of Full-length Myosin-XXI with
Calmodulin—Full-lengthLeishmaniamyosin-XXI heavy chain
(FL-XXI) and a truncated motor domain (aa 1–800) with and
without a N-terminal eGFP tag (Fig. 1A) were cloned into the
pFastBacHB vector and coexpressed in the presence and
absence of Xenopus calmodulin using a baculoviral/Sf21 sys-
tem.We used Xenopus calmodulin for coexpression because of
its high sequence agreement with calmodulin found in L. don-
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ovani (see Fig. 4C). Approximately 5 mg of protein was
obtained from 5 � 108 cells, and all constructs were stable with
orwithout calmodulin coexpression, as shownby size exclusion
chromatography (SEC) (Fig. 1D). SDS-PAGE indicated that
coexpressed calmodulin binds to full-length myosin-XXI (Fig.
1,B andC). Consistentwith this, an earlier elution (correspond-
ing to a larger Stokes radius, see below) was found for FL-XXI,
with calmodulin-bound FL-XXI compared with FL-XXI
expressed in the absence of calmodulin, as shown using SEC
(Fig. 1D). Both SDS-PAGE and SEC indicated that the trun-
catedmotor domain (aa 1–800) was unable to bind calmodulin
when coexpressed in the same way as the full-length protein.
This result suggested that calmodulin binds to full-lengthmyo-
sin-XXI downstream of amino acid 800 in the sequence.
Myosin-XXI Has Multiple Potential Calmodulin-binding

Motifs but Binds Only a Single Calmodulin—We analyzed the
FL-XXI sequence for potential calmodulin-binding positions
(22, 23). A total of 16 potential binding sites were mapped (red
boxes, Fig. 1A). To determine the number of calmodulins bind-
ing to the FL-XXI heavy chain, we performed a calmodulin-
binding assay as described by Coluccio (14). In short, samples
of known protein concentrations were boiled, subsequently
cooled down rapidly on ice, and centrifuged to separate soluble
protein in the supernatant from insoluble protein in the pellet.
The protein in the supernatant was entirely attributable to cal-
modulin, which refolds after temperature-dependent denatur-
ation, in contrast to the myosin heavy chain. The heavy chain
fraction in the original samplewas calculated by subtracting the
total amount of calmodulin detected in the supernatant from
the starting concentration, and the stoichiometry between cal-
modulin and myosin heavy chain in the original sample was

determined. The assay suggested that only a single calmodulin
is bound to FL-XXI and confirmed that no calmodulin is bound
to the truncation (Fig. 2, A and B), consistent with a single
calmodulin binding downstream of aa 800. To further narrow
down calmodulin-binding to potential binding sites, two myo-
sin tail constructs of different lengths were expressed and puri-
fied using an E. coli expression system (Fig. 3A). We found that
apo-calmodulin (i.e. calcium-free calmodulin) did bind very lit-
tle or not at all to the tail fragments (Fig. 3, C andD). However,
in the presence of calcium pCa 4.1, added calmodulin bound to
the 730-tail fragment (Fig. 3E) but not to the 830-tail (C). Only
a single calmodulin-bindingmotif is present between the end of
the truncated myosin construct (aa 1–800) and the beginning
of the 830 tail fragment (Fig. 4A), indicating that calmodulin
probably binds to themotif at aa 809–823. The sequence in this
region corresponds, at least in part, to a 1-2-6-7-11 (22) and to
a 1-8-14 (23) calmodulin-recognition motif known to be
calcium-sensitive.
Myosin-XXI Appears to be Monomeric under our Conditions—

The section of sequence between the end of the converter
domain and the calmodulin-bindingmotif (aa 754–809) is pre-
dicted to form a coiled coil (Fig. 1A). Gel filtration studies sug-
gested, however, that the 730 tail construct (�68 kDa), which
contains this entire section, is monomeric. In these studies, the
730 tail construct eluted at roughly the same volume as the 830
tail construct (�56 kDa), which does not contain the predicted
coiled coil section (Fig. 3,C–E). In fact, the SEC studies showed
three clear peaks for both of the constructs. These peaks were
consistent with the monomeric 730 and 830 tail constructs on
their own, the monomeric tail constructs with calcium-calmo-
dulin-bound, and monomeric red fluorescent protein (�30

FIGURE 1. Myosin-XXI constructs and protein purification. A, schematic of eGFP-tagged, full-length myosin-XXI. Other constructs, the eGFP-tagged trun-
cated motor, as well as the 730 and 830 tail constructs are marked. Domains are the motor domain, converter region, predicted coiled coil (CC), and UBA. Red
boxes are predicted calmodulin-binding motifs (see Fig. 4A). B, SDS-PAGE gel of full-length and truncated myosin-XXI coexpressed with calmodulin. The gel
confirms clean purified protein with very little impurities (size markers in kDa). Mw, molecular weight. C, SDS-PAGE gels show calmodulin bound to the
full-length but not to the truncated myosin construct. Calmodulin (untagged) was present in the flow-through (FT) created from the first purification stage
where coexpressed proteins are bound to the Ni-Sepharose column. D, SuperdexTM-200 gel filtration of full-length myosin-XXI expressed in the presence of
calmodulin (red), without calmodulin (blue), and of the truncated construct expressed in the presence of calmodulin (green). The elution volume increases with
decreasing Stokes radius of the protein complex. All experiments were repeated at least three times for three separate protein purifications. Protein concen-
trations were between 5– 8 �M depending on the preparation.
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kDa) and calmodulin (� 17 kDa) on their own. The presence of
some abortive mRFP expression of the mRFP-tail fusion con-
structs was confirmed by SDS-PAGE (Fig. 3B). Peaks at elution
volumes � 12 ml indicating tail fragment dimerization (i.e. �
100 kDa) were not observed. The small peak at �12 ml elution
volume for the 830 tail might indicate some small fraction of

830 tails with bound calmodulin, possibly partly because of
endogenous (calcium)-calmodulin present during protein
expression (Fig. 3C). However, the fraction of 830 tails with
bound calmodulin was only very small compared with the
majority of 730-tails with calcium-calmodulin bound under the
same conditions (Fig. 3E). In summary, the SEC studies on

FIGURE 2. Calmodulin stoichiometry. A, separation of calmodulin from myosin preparations by heat treatment and analysis by SDS-PAGE as described by
Coluccio et al. (14). In panels a–d, lane 1 refers to the sample containing the myosin heavy chain and bound calmodulin before heat treatment. Lane 2 refers to
the supernatant after heat treatment and subsequent centrifugation at 245,000 � g for 20 min. Gels are representatives of n experiments: sample FL-XXI
expressed without calmodulin (n � 2) (a), FL-XXI co-expressed with calmodulin (n � 4) (b), tissue-purified myosin-II heavy meromyosin (HMM) (n � 1) (c), and
chicken full-length myosin-VI coexpressed with calmodulin (n � 2) (d). Note the very faint band at 17 kDa consistent with calmodulin in lane a1. This band
probably indicates a small amount of endogenous insect cell calmodulin that has been picked up by the expressed Leishmania myosin heavy chains. B, the
histogram shows the ratios of myosin heavy chains to calmodulin (mean � S.D.). The histogram column (e) shows the truncated myosin-XXI construct (aa
1– 800) coexpressed with calmodulin (n � 1).
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FIGURE 3. Calmodulin binding to myosin-XXI tail constructs. A, diagram of N-terminally tagged mRFP-myosin-XXI tail constructs (RFP-730 and RFP-830).
B, SDS-PAGE of purified RFP-730 and RFP-830. Note that the RFP-730 sample contains a significant amount of mRFP alone because of abortive protein
expression of the fusion protein. C–E, size exclusion chromatography of RFP-730 and RFP-830 using a SuperdexTM-200 column. Traces in red and orange show
experiments in the presence of calcium. Traces in blue show experiments in the absence of calcium. Tail constructs (�1 mg/ml) were mixed for 30 min at 4 °C
with calmodulin (�3-fold molar excess) before loading onto the gel filtration column. Traces are representative of experiments repeated at least three times.
C, RFP-830 in the presence of calcium pCa 4.1, without calmodulin (dashed orange line), and with calmodulin (solid red line). Note the calmodulin and copurified
abortive RFP-peak at 15 ml elution volume (also in D and E). D, RFP-730 without calcium, without calmodulin (blue dashed line), and with calmodulin (solid blue
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of RFP-730 upon calmodulin binding.
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the myosin-XXI tails suggested that, at least under the condi-
tions in this study (150mMNaCl, pCa 3–7), myosin-XXI seems
to be monomeric and to bind a single calmodulin between aa
809–823 in the presence of calciumat pCa 4.1.When analyzing
the sequence in more detail, the predicted coiled-coil sequence
between the end of the converter domain and the calmodulin-
binding motif (aa 750–771, Fig. 4B) could, in fact, be made up,
at least in part, of a single �-helical (SAH) domain, which does
not dimerize (24).
SEC Suggested That, ComparedwithOther Classes ofMyosin,

Myosin-XXI Has a Compact Conformation in Vitro, Similar to
Skeletal Myosin II S1—When using SEC to determine the
hydrodynamic properties of proteins, the elution volume can be
related directly to the protein molecular weight if the proteins
are globular in shape (Fig. 5). The elongated shape of myosins,
however, causes many of them to run through the SEC column
much quicker than theirmolecularweightswould predict, indi-
cating relatively high Stokes radii (Fig. 5A, see, for example,
skeletal muscle myosin and themyosin-II HMM subfragment).
To identify possible oligomerization states of myosin-XXI, we
used twoSECcolumnswith different ranges of separable Stokes
radii (SuperoseTM-6 and SuperdexTM-200). To relate the mea-
sured Stokes radii tomolecular weight, the sedimentation coef-

ficient of the proteins was measured to take into account the
molecule shapes deviating from globular (16).We used sucrose
density gradient centrifugation to establish the sedimentation
coefficient of standard proteins and of myosin-XXI (Fig. 5B).
This, combinedwith the Stokes radius, allowed us to determine
a “native” molecular weight for FL-XXI, both with and without
the eGFP tag (Fig. 5C). At 4 °C and in our buffer conditions,
FL-XXI was monomeric and eluted from the SEC columns as a
compact globular-like protein. In fact, FL-XXI (molecular
weight calculated from amino acid sequence �119 kDa plus 17
kDa with bound calmodulin) eluted at about the same volume
as skeletal myosin-II S1 (�110 kDa including both light chains,
Fig. 5D). Calmodulin binding increased the Stokes radius of
FL-XXI as expected (Fig. 1D). The native molecular mass of
�110 kDa estimated in these experiments was somewhat
smaller than the theoretical value of 119 kDa plus 17 kDa for a
single bound calmodulin (Fig. 5D). We validated our approach
by determining the molecular weight of myosin-VI (Fig. 5, A
andD), which is known to adopt a compact conformation (16).
The discrepancy between the calculatedmolecular mass on the
basis of amino acid sequence (myosin-VI, �181 kDa; FL-XXI,
�136 kDa) and our estimate on the basis of SEC and sucrose
gradients (myosin-VI, �159 kDa; FL-XXI, �110 kDa) was

FIGURE 4. Calmodulin binding site. Sequence analysis of myosin-XXI to identify potential calmodulin binding sites. A, schematic of the FL-XXI construct.
Positions of 16 potential binding sites, determined according to the literature (22, 23, 36), are marked in red. The table shows the sequences and positions of
the 16 potential calmodulin binding sites for FL-XXI. Red letters indicate residues consistent with calmodulin-binding motifs according to the literature. The red
arrow indicates the most probable site from our calmodulin binding studies. B, table showing a selection of known leucine zipper sequences (37, 38) aligned
with the predicted leucine zipper of myosin-XXI. C, table showing the high similarity in sequence of calmodulin found in Xenopus (and used in the experiments
in this study) and in L. donovani. Marked in green are the two predicted calcium-binding EF-hand domains.
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within the error of these techniques. The slight underestima-
tion of the true size of FL-XXI might be due to a more tightly
packed conformation in our conditions.
TheMyosin-XXI Tail Does Not Inhibit ATPase Activity—We

determined the steady-state actin-activated ATPase activity for
full-length and truncated myosin-XXI using the NADH-cou-
pled assay (Fig. 6) (25). The FL-XXI used here was expressed in
the presence of calmodulin. In the absence of actin, the basal
ATPase rate of FL-XXI was �0.04 s. The ATPase activity was
activated by actin about 15-fold to amaximum rate of 0.5 s with
a calculatedKactin of�12�M (Fig. 6A). The truncated construct
had a slightly higher basal ATPase rate (� 0.05 s). The actin
activation of theATPase activity was slightly lower, with amax-
imum rate of � 0.3 s. Kactin was reduced to � 2.8 �M (Fig. 6B).
Gliding Filament Assays Showed That Calmodulin Binding Is

Necessary for the Translocation of Actin Filaments andThat the
Sliding Velocity Is Insensitive to Salt (25–1000 mM) and Free
Calcium (pCa 3–7)—Myosin-XXI actively transported rhod-
amine-phalloidin-labeled actin filaments in the sliding filament
assay (20) with a mean velocity of �15 nm/s at 22 °C (Fig. 7, A
andC). The truncated and the FL-XXI expressed in the absence
of calmodulin did bind to actin in an ATP-dependent fashion,
but neither construct generated movement in this assay. The

eGFP tag did not affect the velocity ofmyosin-XXI significantly,
and FL-XXIwas insensitive to both awide range of free calcium
concentrations and ionic strength (Fig. 7C). This data suggested
that once bound, calmodulin could not be displaced by high
calcium concentrations. This was confirmed in a SEC experi-
ment where the reduction in calcium concentration did not
affect the elution volume of the complex, consistent with cal-
modulin not detaching from the myosin heavy chain (Fig. 7B).
A Compact Conformation of Monomeric Myosin-XXI Was

Confirmed by Electron Microscopy—We have used transmis-
sion electron microscopy to study the conformation of nega-
tively stained myosin-XXI in the absence and presence of actin
(Fig. 8). Detached from actin, the myosin molecules often
adopted a compact, sometimes ring-like conformation (orange
arrows Fig. 8, A and C). When bound to actin, myosins were
often found accumulated at the end of the actin filaments (Fig.
8B). Further electron microscopic studies are underway to
characterize the different conformations of myosin-XXI in the
presence and absence of actin in more detail.

DISCUSSION

We have successfully expressed full-length myosin-XXI as
well as a truncated motor domain construct to investigate the

FIGURE 5. Hydrodynamic properties of myosin-XXI. The hydrodynamic properties of the myosin were determined using size exclusion chromatography and
sucrose density gradients. A, calibration curves for the Superdex™-200 (black) and Superose™-6 (red) columns were generated using standard proteins of
known Stokes radii. Stokes radii were plotted versus 	-Log(Kav) (see “Experimental Procedures”). Arrows mark the Stokes radius of different myosin constructs
(see D for index). All experiments were performed at least three times. Standard proteins used were GFP G (�27 kDa), ovalbumin O (�45 kDa), BSA B (�66 kDa),
aldolase A (�160 kDa), catalase C (�240 kDa), ferritin F (�450 kDa), and thyroglobulin T (�660 kDa). B, ultracentrifugation of eGFP-FL-XXI and standard
proteins on a sucrose density gradient were used to determine the sedimentation coefficients. SDS-PAGE shows the fractions from a typical 6 –20% sucrose
gradient. Note that catalase and aldolase are tetramers but run as monomers on SDS-PAGE. Molecular weight (Mw) markers are shown at both ends of the gel.
C, calibration curve of standard proteins with known sedimentation coefficients (mean � S.D.). Tagged and untagged FL-myosin-XXI are marked by arrows.
Each sample was repeated at least three times, and markers were run at least 10 times. Shown are the sedimentation coefficients of standard proteins catalase
11.2 S, aldolase 7.3 S, BSA 4.6 S, and ovalbumin 3.55 S. eGFP-FL-XXI 7.21 S and untagged FL-XXI 5.91 S. All experiments were performed at 4 °C. D, table
summarizing the data above (data from Superdex™200 in black, from Superose™ 6 in red) and shows the predicted and calculated molecular weights of
myosin-XXI. This method was verified by reproducing the known Stokes radius for myosin-VI (16).
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structural and chemomechanical properties of this novel myo-
sin motor found in Leishmania parasites. Sequence analysis of
the protein suggested 16 potential calmodulin binding motifs
on the myosin heavy chain. However, the stoichiometry
betweenmyosin-XXI heavy chain and bound light chains, com-
binedwith the calmodulin-binding studies to different tail frag-
ments, indicated that myosin-XXI binds only a single calmod-
ulin to a calmodulin-binding motif at aa 809–823 in the heavy
chain sequence.
Comparing the sequence of calmodulin and calmodulin-like

proteins in the L. donovani genome, we found a high similarity
toXenopus calmodulin (Fig. 4C), which is whywe usedXenopus
calmodulin for coexpression with the Leishmaniamyosin-XXI
heavy chain. In addition, Leishmania calmodulin has only a
small number of differences (12 amino acids) compared with
Drosophila calmodulin, which has been shown to change con-
formation upon calcium-binding, to expose the hydrophobic
patches required for typical target binding (26). The sequences
of Drosophila and Xenopus calmodulin, on the other hand, are
essentially identical. They differ only in two amino acids (aa 144
and 148). Furthermore, many of the differences in the calmod-
ulin sequence between Leishmania on the one hand and Dro-
sophila orXenopus on the other are conservative (e.g. isoleucine
for valine, Fig. 4C). The calcium-binding EF-hand domains in
the Leishmania sequence (aa 21–68 and aa 94–141) and in the
Drosophila or Xenopus sequences are almost identical (Fig. 4C,
green sections). None of the very small differences in sequence

(five amino acids) in these sections are expected to affect the
ability of the protein to bind calcium. This is entirely consistent
with our finding that Xenopus calmodulin was found to bind to
Leishmaniamyosin heavy chain in a calcium-dependent man-
ner but would not detach from the target sequence once bound
to it, neither by changes in ionic strength nor by changes in
calcium concentration (26–28). The target sequence (aa 809–
823) on the myosin heavy chain that we identified for calmod-
ulin binding is somewhat unusual in the sense that it contains a
lot of negative charge. It is also interesting to note that this
calmodulin binding motif is not the strongest motif predicted
from sequence alignments (Fig. 4A). However, it does have
bulky hydrophobic residues at the appropriate positions, such
as positions 1–4, 10–11, and 14, as shown in Fig. 4A. It is there-
fore expected that this sequence will bind calmodulin and that
calmodulin-binding would be calcium-dependent, as described
in the literature (26–28) and as observed in our study.
In the sequence, the calmodulin-bindingmotif is precededby

a section identified as a natural leucine zipper motif (Fig. 4B),
indicating the possibility of dimerization at this part of the
structure. However, the size exclusion studies suggested that, at
least in the conditions applied in this study, myosin-XXI as well
as the tail fragments were monomeric. Closer inspection of the
sequence between the end of the converter (aa 750) and the
calmodulin-binding motif at aa 809–823, revealed that this
section would also be consistent with an SAH domain (24). In
myosin-X (24) and myosin-VI (29), such domains have been
suggested to contribute to the lever arm that amplifies small
conformational changes in the catalytic domain of themotor to
produce force and movement (30). In the in vitro motility
assays, monomeric full-length myosin-XXI with calmodulin
bound was mechanically functional and able to move actin fil-
aments. This is consistent with a mechanically stable domain
(such as a SAH domain perhaps) bridging the gap between the
end of the converter and the calmodulin-binding lever arm
region of themotormolecule. If that bridging sectionwere flex-
ible, it would be hard to envisage how conformational changes
in the catalytic domain could be transduced into productive
movement at the end of the lever arm. On the other hand,
however, the motor truncated at the end of the predicted SAH
domain showed nearly unchanged ATPase activity compared
with the full-length molecule but was not mechanically func-
tional. This would suggest that the predicted SAH domain on
its own (thatmeans in the absence of the following calmodulin-
binding region) is unable to form a mechanically functional
lever arm and that both the predicted SAH domain and the
subsequent calmodulin-binding region are necessary to form a
functional lever arm structure.However, at this stagewe cannot
exclude the possibility that the truncated motor simply bound
to the nitrocellulose surface in an unfavorable way so that lever
arm movement was impaired for that reason. High-resolution
structural studies are currently underway to characterize these
domains of the myosin molecule in detail.
The SEC experiments and EM studies suggested that, at least

in the experimental conditions here,myosin-XXI ismonomeric
and has a compact structure with a Stokes radius comparable
with muscle myosin-II S1, which has a similar molecular
weight. The Stokes radius of myosin-XXI was slightly larger

FIGURE 6. ATPase activity. Steady-state actin-activated ATPase activity was
determined for A, eGFP-FL-XXI expressed in the presence of calmodulin, and
B, eGFP-Truncation using an NADH-coupled assay (see “Experimental Proce-
dures”). All experiments were repeated using three different protein purifica-
tion preps. Rates are mean values � S.D. (n � 3). Rates were fitted according
to Michaelis-Menten kinetics (equation 1, see “Experimental Procedures”).
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when calmodulin was bound, consistent with calmodulin stabi-
lizing the extended �-helical target sequence that forms a func-
tional lever arm in other myosins (30). The EM studies also
suggested that myosin-XXI does bind along the length of actin
filaments but tends to accumulate at the filament ends (Fig. 8B).
Further experiments are underway to investigate this observa-
tion in more detail. In the absence of actin, myosin-XXI fre-
quently seemed to form compact, ring-like structures possibly
composed of more than one myosin-XXI molecule. Again, fur-
ther studies are currently underway to characterize the condi-
tions for ring formation in more detail.
The full-length and truncatedLeishmaniamyosin constructs

showed similar actin-activated ATPase activity. We therefore
conclude that calmodulin binding and the absence of the tail in
the truncation has little effect on the ATPase activity. The rates
were similar to smooth muscle myosin with phosphorylated
regulatory light chain (31). Interestingly, the sliding velocity
was 50-fold lower compared with smooth muscle myosin. This
could be due to unfavorable binding of myosin-XXI, which was
adsorbed non-specifically to the nitrocellulose surface. How-

ever, under the same binding conditions, 20- to 200-fold higher
sliding velocities were observed for smooth muscle myosin S1
(32) and skeletal muscle myosin S1 (33, 34), respectively. If not
because of unfavorable binding, the low mechanical speed
could also point toward a function as an anchor or tether for
this monomeric form of Leishmaniamyosin-XXI that does not
require high speed of movement. Further studies are in pro-
gress to immobilize full-length and truncated myosin-XXI
motor molecules in a more specific fashion on the surface to
address this issue.
For both the solution kinetics studies and in vitro motility

assays, we used actin tissue-purified from rabbit skeletal mus-
cle. This can be obtained more readily than the Leishmania-
specific actin, which would have to be recombinantly ex-
pressed. Intriguingly, Leishmania actin and rabbit skeletal actin
share only about 70% sequence identity and 87% similarity as
determined by multiple sequence alignment (Macvector).
However, residues on the surface of actin monomers assumed
to be involved inmyosin binding (35) are highly conserved (Fig.
7D). This suggests that rabbit skeletal actin might interact with

FIGURE 7. Gliding filament assay. A, the distribution of velocities of rhodamine-phalloidin-labeled actin filaments gliding over eGFP-FL-XXI. Myosin was
deposited on nitrocellulose surfaces at 200 �g/ml. B, SEC (Superdex-200) of FL-XXI coexpressed with calmodulin in the absence and presence of calcium pCa
4.1. Experiments were repeated a minimum of three times from three separate protein purifications. C, comparison of the mean velocity obtained with
myosin-XXI at different ionic strengths and calcium concentrations. All experiments were carried out at 22 °C. Data were collected from at least three separate
flow cells for each condition. D, multiple sequence alignment of rabbit skeletal and L. donovani actin. Differences are marked in red. Residues on the surface of
actin involved in myosin binding according to Kabsch et al. (35) are highlighted in green.
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myosin-XXI in a similar fashion compared with endogenous
Leishmania actin. In addition this approach enables us to com-
pare the functional assays on myosin-XXI to other unconven-
tional myosins from different species, which have also been
carried out with actin purified from rabbit skeletal muscle.
To summarize, we found that myosin-XXI, to date the only

myosin motor protein detected in Leishmania parasites, can be
expressed recombinantly using a baculovirus expression sys-
tem. Under our conditions, this myosin is a monomeric,
mechanically functional molecular motor that binds a single
calmodulin andmoves actin filaments at a very low speed. This
would be consistent with the motor acting, at least in its mono-
meric form, as a tether or anchor in the parasite, possibly
involved in endocytic processeswithin the flagellar pocket, pos-
sibly also in other intracellular trafficking processes and in the
formation of the paraflagellar rod structure (6). Intriguingly,
sequence analysis indicates several coiled-coil sections in the
tail domain of thismyosin, not tomention the ubiquitin binding
domains the regulatory functions of which remain completely
unclear. It is therefore possible that in different conditions
myosin-XXI might well dimerize or even oligomerize to per-
form the variety of functions it is expected to be involved in, as
it seems to be the onlymyosinmotor expressed in the Leishma-
nia parasite.
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